Quenching effects, including graphite-shell quenching and impurity quenching, on negatively charged nitrogenvacancy N-V − centers in fluorescent nanodiamonds (FNDs) can reduce the fluorescence quantum yield and bring about multiexponential decay fluorescence to FNDs. This causes the number of N-V − centers to be underestimated when using the photon correlation method, which presumes identical emitters. This study proposes a method that combines time-resolved spectroscopy and photon correlation spectroscopy to modify the number measurement with the photon correlation method. The average number of N-V − centers in 35 nm FNDs was corrected from 7.6 with the unmodified method to 11.96 with the modified method.
INTRODUCTION
Photon correlation spectroscopy is a powerful method for quantifying the number of fluorophores in single molecules or nanoparticles [1] [2] [3] . Experimentally, the distribution of photon detection coincidences separated by time interval T is measured. On a time scale of a few fluorescent lifetimes, the distribution of the detection coincidences approximates the intensity correlation function g 2 T and may be denoted by the expression
where τ is a function of excitation rate and fluorescent lifetimes of fluorophores [4] and c is a proportional constant. For T 0, the detection coincidence C 0 is equal to cN − 1 ∕ N and indicates events of detecting two consecutive photons simultaneously. For T ≫ τ, the detection coincidence C ∞ approximates to c. The coincidences ratio C 0 ∕ C ∞ is given by N − 1 ∕ N. Alternatively, we assume that n independent fluorophores are in an excitation volume and the indices i and j are used to represent fluorophores 1…n. The coincidences ratio C 0 ∕ C ∞ is then given by [2] C 0 C ∞ R P n i1 P n j1;j≠i p i p j P n i1 P n j1 p i p j :
Here, p i is the probability that a photon is emitted by fluorophore i and is proportional to the excitation rate and fluorescence quantum yield. If all fluorophores are identical, i.e., p i p j for all fluorophores, the coincidence ratio R is equal to n − 1 ∕ n. In this case, N in Eq.
(1) represents the number of fluorophores n. Therefore, n is usually obtained by measuring the coincidence ratio R and computing by the equation n 1 ∕ 1 − R. However, the method is hampered by the heterogeneity of the fluorophores [5] . For nonidentical emitters, p i for each fluorophore should be reconsidered and modified according to the real physical conditions and the equation n 1 ∕ 1 − R is not valid any more. Excellent chemical properties, including biocompatibility [6] , nontoxicity [7] , and ease of surface functionalization with a variety of organic compounds [8] , and suitable photophysical properties, such as no photobleaching, no photoblinking [7, 9] , and emission of far-red fluorescence from the N-V − centers [10, 11] , give FNDs a great potential for use as a novel diagnostic agent in biomedicine [12, 13] . For embedding N-V − centers, nanodiamonds with nitrogen impurities are first irradiated with high energy ions or electrons, to create vacancies and then annealed in vacuum at temperatures between 700°C and 900°C to allow the vacancies to migrate to intrinsic nitrogen impurities in the crystal to form nitrogenvacancy defects [11] . Graphitization of the diamond surface occurs during the high-temperature annealing of nanodiamonds. In detonation-synthesized nanodiamonds, shells of graphite and disordered carbon were observed by nuclear magnetic resonance (NMR) spectroscopy [14] and transmission electron microscopy [15, 16] even before annealing. Fluorescence lifetime of the N-V − center in synthetic bulk diamond has a typical value of 11-13 ns [17] . In diamond nanocrystals, the value shifts to ∼25 ns [1] due to the strong change in the refractive index of the surrounding medium. The fluorescence lifetime is also influenced by surroundings of the fluorescent dipole. The transition probability of N-V − centers increases or decreases according to the positions and orientations of dipoles relative to the plane of the surface, and a dispersion of 4 ns in lifetime was observed in 40 nm FNDs.
Recent studies showed that the disordered-carbon and graphite shells can quench luminescence of N-V − centers. The fluorescence quantum yield Q, which is proportional to the fluorescence lifetime τ f , of fluorophores near conducting surface is a function of the distance d from the metal surface [18] :
Here, k r is the radiative rate, ε 1 and ε 2 are dielectric constant of the space layer and metal, respectively, and λ is the emission wavelength. Both fluorescence lifetime and quantum yield fall rapidly with the decrease of d. This effect has been observed in chemical-vapor-deposited nanodiamond films with attached fluorescent dyes [19] . The quenching efficiency of a graphite shell on N-V − centers depends on their thickness and the proximity and orientation of the N-V − centers relative to this shell. In the presence of a graphite shell, fluorescence lifetime of 4.8 ns was found in single-digital nanodiamonds with a mean size of 5 nm [16] . The quenching can be partially reduced by surface oxidation [16] . Surface oxidation is usually achieved by strong oxidative acid treatment with Königswasser-a mixture of sulphuric and nitric acids. The mixture solution can remove the graphitic shells that form on the surface during annealing [9] . Another method of surface oxidation is heating nanodiamonds in air at a temperature range of 400°C-430°C [15] . This results in the selective removal of sp 2 -bonded carbon from nanodiamonds, and the sp 3 ∕ sp 2 ratio can increase up to 2 orders of magnitude. The other quenching effect is caused by the impurities in the diamond crystals. The decay times measured for synthetic diamonds, which contain about 10 times as much total nitrogen as the natural diamonds and more impurities and inclusions derived from the catalyst solvent, were around 10% lower than those obtained for nature diamonds [17] . The single nitrogen has an absorption band starting at ∼1.9 eV. The absorption overlaps the luminescence from the N-V − band, which is in the range 1.4-2 eV. Fast nonradiative recombination occurs through the dipole-dipole coupling mechanism between the electric dipole of the N-V − center and an electric dipole at single nitrogen center. The rate of energy transfer decreases as the separation to the sixth power. The mean decay time of the center was found to decrease to ∼7.3 ns for a sample with atomic nitrogen concentration of 130 ppm in bulk diamond [20] and to ∼7.6 in 30 nm synthesized FNDs [21] .
The quenching effects cause heterogeneity in the quantum yields of N-V − centers and the fluorescence of FNDs exhibits multiexponential decay. In this case, the number of N-V − centers is usually underestimated when using the photon correlation method. This study proposes a method to overcome this problem. We used time-resolved spectroscopy to obtain the distribution of quantum yields of N-V − centers in a single FND. The distribution of quantum yields together with photon correlation spectroscopy was then used to compute the number of N-V − centers. A numerical simulation was also demonstrated to examine the validity of the method.
EXPERIMENTAL SECTION
We used FNDs with a nominal size of 35 nm. N-V − centers were implanted by irradiation of synthetic type Ib diamond powders with a 3 MeV proton beam at a dose of 1 × 10 16 ions per square centimeter followed by vacuum annealing at 700°C for 2 h, as described in detail previously [9] . The freshly prepared FNDs were put in concentrated H 2 SO 4 -HNO 3 (9∶1, vol/ vol) solution at 75°C for 3 days, followed by separation with centrifugation and extensive rinsing with deionized water to remove graphite surface structures induced by thermal annealing. FND particles were spin coated on a coverglass slide. Photoluminescence measurement was carried out using a homemade sample-scanning confocal microscope in epifluorescence mode. For time-resolved spectroscopy measurement, we used a passive Q-switched frequency-doubled diodepumped solid-state laser (Teem Photonics; SNG-40F) operating at a wavelength of 532 nm, a repetition rate of 40 kHz, and a pulse width of 600 ps. For photon correlation spectroscopy measurement, a continuous-wave frequency-doubled diodepumped solid-state laser operating at a wavelength of 532 nm was used. A quarter-wave plate was inserted in the optical path to turn the laser excitation from linear to circular polarization. Fluorescence was collected using an objective (Olympus, UplanApo 100×, 1.35 N.A.) and detected by avalanche photodiodes (APDs) (PerkinElmer; SPCM-AQR-15-FC) operating in single photon counting mode. An edge filter (Samrock; LP02-647RU-25) was used to block out the fluorescence from neutral nitrogen-vacancy centers, which have a zero-phonon line at 575 nm and a photoluminescence peak at ∼620 nm. A time-correlated single-counting module (Becker & Hickl GmbH; SPC-600) was used in both measurements. For time-resolved spectroscopy measurement, part of the laser pulse was directed to a silicon photodiode and acted as a reference signal. For photon correlation spectroscopy measurement, we used the Hanbury-Brown and Twiss photon correlation experimental scheme, where the fluorescence was separated by a 50 ∕ 50 beam splitter and focused, respectively, onto the two APDs.
RESULTS AND DISCUSSION
Although oxidation can remove graphite shells, a little graphite still exists on the surface of FNDs after thorough oxidation and a fast decay was still observed in the fluorescence decay curve [16] . The fluorescent decay curve of a representative FND is shown in Fig. 1 . The decay curve contained distinctly fast and slow decays, which implied the heterogeneity of fluorescence lifetime caused by the quenching effects. For n independent emitters, the fluorescence decay can be modeled by
where τ is fluorescence lifetime of the ith N-V − centers and the pre-exponential factor a i is proportional to the excitation rate and the radiative rate. The excitation rate depends on the dipole orientation of N-V − centers to the polarization direction of the excitation light. The influence of dipole orientations of N-V − centers on the apparent number in FNDs has been discussed in a previous work [5] . The dipole-orientation effect cannot be incorporated into this model; however, it can be reduced using circular polarization excitation. This study focused on the influence of quenching effects, which reduce the fluorescence lifetime as well as fluorescence quantum yield and cause multiexponential fluorescence decay, and thus we neglected the dipole-orientation effect and assumed that all centers are excited with equal probability. The radiative rate of N-V − centers depends on the positions and orientations of dipoles relative to the plane of the surface. In the literature, most values of fluorescence lifetime obtained from FNDs without quenching effects are close to 25 ns [1, 16] . The effect is obviously less significant than quenching effects, and hence we assume that the radiative rates are the same for all N-V − centers. By adapting these two assumptions, the pre-exponential factor a i was approximately taken as a constant a for every N-V − center. To use Eq. (4) to analyze fluorescence decay curves, we need to know the number of emitters n in advance. In addition, when n is large, there will be too many variables in this equation. Therefore, Eq. (4) is impractical for the modeling of experimental decay curves. Alternatively, we approximately classified N-V − centers into m species where there are n k similar emitters with an average fluorescence lifetime of τ k in each species. The equation can then be approximately simplified as
Here, the pre-exponential factor A k is the sum of n k preexponential factors a, A k n k a. The ratio A k ∕ A m is equal to n k ∕ n m , where A m is the pre-exponential factor of the species with the largest fluorescence lifetime τ m and number n m . Since p i in Eq. (2) is proportional to the excitation rate and quantum yield Q i , and Q i equals fluorescence lifetime τ i multiplied by radiative rate, the two assumptions taken previously make p i only proportional to τ i . We substitute p i in Eq. (2) by τ i and the coincidence ratio R then becomes
Dividing both the numerator and the denominator by τ 2 m and replacing n k by A k n m ∕ A m and Q k ∕ Q m by τ k ∕ τ m , R becomes
According to Eq. (1), R equals to N − 1 ∕ N and N can be obtained by fitting the distribution of photon detection coincidences with Eq. (1). Equation (7) can be solved to deduce the number of N-V − centers of each species:
and the total number n X m k1 n k :
Prior to the analysis of experimental data, numerical simulations were conducted to examine the validity of the model. Three decay curves were constructed with Eq. (4) for 15 independent emitters, where 15 fluorescence lifetimes ranging from 1 to 27 ns with different distributions were used, as shown in Fig. 2 . All decay curves contain significantly fast and slow decays. For uniform distribution, the coincidence ratio R calculated with Eq. (6) is 0.907, which would correspond to 10.72 independent emitters using the unmodified method. The value is only two-thirds of the real value. We fitted the decay curve with two-, three-, and four-exponential decay functions, where m equals to 2, 3, and 4, respectively. The obtained fluorescence lifetimes and pre-exponential factors were used to compute the number of emitters with Eqs. (8), (9), and (10). The total number of emitters obtained from the two-exponential-fitting modification is 13.62. The value is much closer to the real value than that obtained with the unmodified method, but its deviation is still as large as 1.38. The deviation is due to the poor fitting result as shown in Fig. 2(a) . The other two functions can fit the decay curve very well. The numbers obtained from the three-and fourexponential-fitting modifications are both 14.47 with a percentage error of 3.5%. For the distribution with the two peaks, as shown in Fig. 2(b) , the unmodified number is 8.81, which is far from the real value. The large deviation is due to the large difference in the two peak lifetimes. Emitters with large lifetime have larger quantum yields and provide more contribution to the correlation measurement. The value of coincidence ratio is then dominated by large-quantum-yield emitters. The numbers obtained with the modified method are 14.33, 14.76, and 14.95 for two-, three-, and four-exponential fittings, respectively. Because there are only two peaks in this distribution, all three multiexponential functions can fit the curve well and the values obtained are all close to the real value. For distribution with four peaks, as shown in Fig. 2(c) , the value obtained by two-exponential fitting has a larger deviation from the real value due to the poor fitting. The values obtained by three-and four-exponential fittings are both close to the real value and are the same even though there are four peaks in the distribution. Theoretically, the more exponents are included in Eq. (5) the better it works. However, the numerical results demonstrated that it is enough to use a four-exponential or even a three-exponential decay function to approximately fit the decay curve to get a satisfactory modification. In the following data analysis, we will use a four-exponential function to analyze fluorescence decay curves.
The distribution of photon detection coincidences of the representative FND is shown in Fig. 3 . The curve was fitted with Eq. (1) and the parameter N for this curve is 7.53 with a corresponding R of 0.867. Without using the modified method, one would deduce that there are 7-8 N-V − centers within the FND. As indicated by the numerical simulation, the value is highly underestimated. To obtain a more correct value, the fluorescence decay curve in Fig. 1 was fitted with a four-exponential function. The obtained fluorescence lifetimes were 4.66 ns, 23.196 ns, 23.21 ns, and 23.22 ns. The first one is in accord with that of 5 nm single-digital nanodiamonds in the presence of graphite shells [16] and is attributed to the quenching effect caused by graphite shells. The latter three have similar values and are close to that obtained in diamond nanocrystal [1] . Pre-exponential factors A k and the fluorescence lifetimes τ k together with R obtained from Fig. 3 were used to compute the number of N-V − centers with Eqs. (8), (9), and (10). The total number was modified to 10.27, which was about 1.3 times larger than that obtained only by photon correlation measurement. modified method range from 3.9 to 28.46 with an average value of 11.96. In the presence of quenching effects, where the fluorescence show multiexponential decay, the number of N-V − centers in 35 nm FNDs are underestimated by over 37%.
In Eqs. (8) and (9), n k is the number of N-V − centers with a fluorescence lifetime of or near τ k . Therefore, we can further inspect the compositions of the fluorescence lifetimes of N-V − centers in FNDs. Figure 4(b) shows the distribution of fluorescence lifetime of the 33 FNDs. A minor distribution appearing at around 25 ns, which is close to the fluorescence lifetime of diamond nanocrystals [1] , is attributed to unquenched N-V − centers. Fluorescence lifetime distribution at around 16-20 ns can be attributed to quenching by impurities. This effect is not severe in our FNDs because the concentration of nitrogen is not so high. The major distribution at around 4 ns is attributed to quenching by graphite shells. In a 35 nm FND the largest distance from the shell to an N-V − center is 17.5 nm, so most N-V − centers are located within the quenching region except for those in the central part of FNDs. Therefore, most N-V − centers are subject to quenching effect of the graphite shells.
CONCLUSION
The number of fluorophores in single molecules or nanoparticles is typically quantified by photon correlation spectroscopy. However, the method is valid only when all fluorophores are identical and have the same probability of emitting photons. In the presence of quenching effects, such as graphite-shell quenching and impurity quenching, part of the N-V − centers in FNDs are quenched and the fluorescence decay curves become multiexponential. Quenching effects lead to variation in fluorescence quantum yields among N-V − centers and the variation hampers the photon correlation method from obtaining the correct number of N-V − centers. To obtain a more correct account of the number of N-V − centers, the heterogeneity on quantum yield should be taken into account. In the present work, we used timeresolved spectroscopy to deduce the distribution of quantum yields, which is proportional to the fluorescence lifetime, of N-V − centers in each FND. The distribution of quantum yields in combination with photon correlation spectroscopy was used to compute the number of N-V − centers. We found that the average number of N-V − centers in single 35 nm FNDs obtained with the unmodified method was only 7.6 and changed to 11.96 with our modified method. In addition, the fluorescence lifetimes of N-V − centers distribute primarily at ∼4 ns. This implies that the graphite-shell quenching is the major quenching effect in our 35 nm FNDs.
